MicroRNAs are critical post-transcriptional regulators of gene expression and key mediators of pathophysiology of inflammatory bowel disease (IBD). This study is aimed to study the role of miR-665 in the progression of IBD. Real-time PCR analysis was used to determine miR-665 expression in 89 freshly isolated IBD samples and dextran sulfate sodium (DSS)-induced colonic mucosal tissues. The role of miR-665 in inducing apoptosis and colitis were examined by Annexin V, TUNEL (terminal deoxynucleotidyl transferase dUTP nick-end labeling) staining, colony formation in vitro and DSS-induced colitis mice model in vivo. Moreover, luciferase reporter assay, western blot analysis and microribonucleoprotein immunoprecipitation were performed to determine that miR-665 directly repressed XBP1 (X-box-binding protein-1) and ORMDL3 expression. Herein, our results revealed that miR-665 was markedly upregulated in active colitis. Gain-of-function and loss-of-function studies showed that ectopic expression of miR-665 promoted apoptosis under different inflammatory stimuli. Importantly, delivery of miR-665 mimic promoted, while injection of antagomiR-665 markedly impaired DSS-induced colitis in vivo. Mechanistically, we demonstrated that miR-665 induced apoptosis by inhibiting XBP1 and ORMDL3. Taken together, our findings reveal a new regulatory mechanism for ER stress signaling and suggest that miR-665 might be a potential target in IBD therapy.
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MicroRNAs are critical post-transcriptional regulators of gene expression and key mediators of pathophysiology of inflammatory bowel disease (IBD). This study is aimed to study the role of miR-665 in the progression of IBD. Real-time PCR analysis was used to determine miR-665 expression in 89 freshly isolated IBD samples and dextran sulfate sodium (DSS)-induced colonic mucosal tissues. The role of miR-665 in inducing apoptosis and colitis were examined by Annexin V, TUNEL (terminal deoxynucleotidyl transferase dUTP nick-end labeling) staining, colony formation in vitro and DSS-induced colitis mice model in vivo. Moreover, luciferase reporter assay, western blot analysis and microribonucleoprotein immunoprecipitation were performed to determine that miR-665 directly repressed XBP1 (X-box-binding protein-1) and ORMDL3 expression. Herein, our results revealed that miR-665 was markedly upregulated in active colitis. Gain-of-function and loss-of-function studies showed that ectopic expression of miR-665 promoted apoptosis under different inflammatory stimuli. Importantly, delivery of miR-665 mimic promoted, while injection of antagomiR-665 markedly impaired DSS-induced colitis in vivo. Mechanistically, we demonstrated that miR-665 induced apoptosis by inhibiting XBP1 and ORMDL3. Taken together, our findings reveal a new regulatory mechanism for ER stress signaling and suggest that miR-665 might be a potential target in IBD therapy. Inflammatory bowel disease (IBD) is a complex disease characterized by chronic or recurrent inflammation in the gastrointestinal tract. The chief types of IBD are ulcerative colitis (UC) and Crohn's disease (CD). Although IBD is rarely fatal on its own, it is often not medically curable owing to the chronic inflammation, and might increase risk of colorectal cancer. Recent progress in understanding IBD pathobiology has shown that genetically based interactions between environmental and/or epithelial barrier dysfunctions cause persistent activation of the innate and adaptive immune responses. 1 Notably, recent studies have provided valid evidence linking the endoplasmic reticulum (ER) stress to the pathogenesis of IBD. 2 ER stress is a cellular process triggered by a variety of conditions that disturb protein folding in the ER. To clear unfolded proteins, the unfolded protein response (UPR) restores ER homeostasis. The X-box-binding protein-1 (XBP1), a potent inducer of a subset of UPR target genes, is required for the constitutive maintenance of ER function in all cell types, and XBP1 deletion in intestinal epithelial cells (IECs) results in spontaneous enteritis. 3, 4 Furthermore, the ORMDL3 protein is located primarily in the ER and regulates Ca 2+ uptake from the cytosol and ER-mediated Ca 2+ signaling. 5, 6 Recently, genome-wide association studies identified ORMDL3 as another genetic risk factor of CD and UC. 7 Loss of XBP1 or ORMDL3 expression has been reported to promote colitis and increase hypersensitivity to cytokineinduced apoptosis via c-Jun N-terminal kinase (JNK) signaling. 2, 3, 8 Regarding their critical roles in ER stress and pathogenesis of IBD, better understanding of the regulation of XBP1 and ORMDL3 might provide new clues for the prognosis and therapy of IBD.
Owning to its role of simultaneously repressing a variety of target genes by interaction with their 3′-UTR elements of mRNA, microRNA (miRNA) has been involved in the development and progression of IBD. [9] [10] [11] Of note, recent studies suggest that miRNAs regulate ER stress and induce apoptosis. 12, 13 For example, miR-15b-5p repressed UPR signaling by suppressing Rab1A and accelerated apoptosis in human hepatocellular carcinoma.
14 However, whether miRNA-mediated ER stress alteration contributes to IBD progression remains unknown.
Notably, a recent study comparing the miRNA expression alteration identified that miR-665 was significantly upregulated in mucosal colonic biopsies of active UC; 15 however, its role remains unclear. Herein, using the TargetScan algorithm, we found that both XBP1 and ORMDL3 are theoretically target genes of miR-665. Furthermore, we demonstrated that miR-665 downregulated XBP1 and ORMDL3 expression by directly targeting their 3′-UTRs, consequently resulting in the activation of JNK. Upregulation of miR-665 promotes apoptosis and dextran sulfate sodium (DSS)-induced colitis both in vivo and in vitro, while inhibition of miR-665 induces opposite effects. Taken together, these results suggest that miR-665 have an important role in the regulation of ER stress and might represent a therapeutic target for IBD.
Results miR-665 is markedly upregulated in the inflamed mucosa of patients with IBD and DSS-induced colitis in mice. MiRNAs are emerging as important regulators in IBD pathogenesis. By analyzing a publically published miRNA expression profile (NCBI/GEO/GSE48957; n = 27, including 10 normal controls and 17 UC samples), 15 we found that miR-665 levels remained low in normal colonic mucosal biopsies but became about fourfold elevated in patients with UC ( Figure 1a) . We then validated miR-665 expression in IBD tissues using real-time PCR. As expected, miR-665 expression was substantially increased, with~4-16-fold upregulation in CD (inactive CD, n = 21; active CD, n = 29) and UC (inactive UC, n = 16; active UC, n = 23) subgroups compared with normal controls, and further elevated in the patients with active colitis (Figure 1b) . Moreover, miR-665 expression was also increased by~6-fold in DSS-induced colonic mucosal tissues. Thus, these results suggest that upregulation of miR-665 may contribute to IBD progression. miR-665 sensitizes inflammation-induced apoptosis in vitro. Since IBD is characterized by diffuse mucosal inflammation and cell apoptosis in both CD and UC, we speculated that miR-665 might have a role in apoptosis. We first exogenously overexpressed miR-665 via miR-665 mimic transfection (Supplementary Figure 1) . Indeed, Annexin V and TUNEL (terminal deoxynucleotidyl transferase dUTP nick-end labeling) staining assays demonstrated that ectopic expression of miR-665 increased the apoptotic rates of HT-29 and Caco-2 cells by sensitization to the chemoagent DSS (Figures 2a  and b) . Moreover, the effect of miR-665 on promoting apoptosis was confirmed by examining the cleavage profiles of procaspase-3 and poly (ADP-ribose) polymerase (PARP) in HT-29 and Caco-2 cells. As shown in Figure 2c , the cleavages of both caspase-3 and PARP were increased in the miR-665-overexpressing cells treated with DSS. Importantly, the colony formation assay indicated that miR-665 overexpression induced apoptosis of HT-29 cells in the presence of DSS, tumor necrosis factor-α (TNF-α) and lipopolysaccharide (LPS) compared with the controls (Figure 2d) .
Conversely, the role of miR-665 in IBD was further examined by endogenously silencing miR-665 through antagomiR-665 transfection (Supplementary Figure 1) . We found that silencing miR-665 reduced the apoptotic rates of HT-29 and Caco-2 cells under DSS treatment (Figure 3a and b) . Consistently, the cleavages of both caspase-3 and PARP were suppressed in the miR-665-silenced cells treated with DSS ( Figure 3c ). Moreover, the number of colonies formed by miR-665-silenced cells was significantly greater compared with controls upon treatment with DSS, TNF-α and LPS ( Figure 3d ). Taken together, our results indicate that upregulation of miR-665 promotes inflammation-induced apoptosis in vitro.
Antagonizing miR-665 impairs DSS-induced colitis in vivo. We next examined the promotive effect of miR-665 on IBD in vivo, and assessed whether antagonizing miR-665 could impair DSS-induced colitis. Mice were intraperitoneally injected with miR-665 mimic, antagomiR-665 or control three times a week for 2 weeks. One week after injection, the mice were subjected to DSS-induced colitis for 10 days. We observed the greatest body weight loss in mice injected with the miR-665 mimic, whereas antagomiR-665 injection significantly inhibited DSS-induced body weight loss ( Figure 4a ). Furthermore, mice injected with miR-665 had shorter colon lengths, loss of crypt structure, ulceration, infiltration of inflammatory cells and a higher apoptosis index compared with controls (Figures 4b-e) . Importantly, inhibition of miR-665 robustly impaired DSS-induced colon shortening, colitis and cell death in vivo (Figures 4b-e) . These results suggest that miR-665 promotes DSS-induced colitis, and that antagonizing miR-665 rescues cells from these effects. 
Two-tailed Student's t-test
Role of miR-665 in inflammatory bowel disease M Li et al miR-665 targets ER stress components XBP1 and ORMDL3. Recent advances have revealed that the ER stress pathway is a primitive cellular pathway that maintains cellular viability and homeostasis of the colon. Interestingly, using the publicly available algorithm TargetScan, we found that the core components of the UPR signaling pathway, XBP1 and ORMDL3, may be potential targets of miR-665 ( Figure 5a ). Western blotting analysis revealed that miR-665 overexpression significantly suppressed XPB1 and ORMDL3 expression levels, but miR-665 inhibition increased their expression (Figure 5b ). Meanwhile, we found that the accumulation of XBP1 and ORMDL3 in cellular ER was markedly reduced by overexpression of miR-665, but increased by its inhibition (Figure 5c ). However, real-time PCR analysis revealed that the mRNA levels of XBP1 and ORMDL3 were not significantly changed upon alteration of miR-665 (Supplementary Figure 2) , suggesting that miR-665 inhibits XBP1 and ORMDL3 expression by inducing translation repression. Previous study has found that downregualtion of XBP1 promotes apoptosis via JNK activation. 3 Consistently, we found that ectopic expression of miR-665 increased the phosphorylation of JNK (p-JNK), while inhibition of miR-665 decreased its phosphorylation, suggesting that miR-665 promotes cell apoptosis by activating JNK (Figure 5b ). Furthermore, luciferase assay showed that miR-665 overexpression attenuated the reporter activities driven by the 3′-UTRs of XPB1 and ORMDL3, whereas inhibition of miR-665 elevated these activities (Figure 5d ). However, ectopic expression of the miR-665 mutant did not have repressive effects on the reporter activities (Figure 5d ). Moreover, a microribonucleoprotein (miRNP) immunoprecipitation (IP) assay revealed a selective association of miR-665 with XBP1 and ORMDL3 but not with GAPDH (Figure 5e ), further indicating the specific effects of miR-665 on these targets. These results suggest that miR-665 directly targeted XBP1 and ORMDL3. (Figure 6c ). Furthermore, we found that restoration of both XBP1 and ORMDL3 expression abrogated the stimulatory effect of miR-665 on cellular apoptosis, as indicated by Annexin V, TUNEL and colony formation assays (Figures 6d-f) . On the other hand, either silencing of XBP1 or ORMDL3 promoted cellular apoptosis in miR-665-inhibited cells (Supplementary Figure 3A-C) . Collectively, these findings indicate that upregulation of miR-665 promotes IBD progression by inactivating ER stress signaling via targeting XBP1 and ORMDL3, and miR-665 might be a potential therapeutic target.
Discussion
ER stress is observed in many human diseases, such as inflammation, neurodegenerative diseases, metabolic diseases and cancers, and it is identified that the UPR, a three-pronged signaling axis, to preserve ER homeostasis. 16 These stress responses are involved in multiple cellular processes, including protein synthesis, degradation rates, folding and secretion, and then induce to cell migration, cell transformation, angiogenesis and cell death. 17 Notably, for the intestinal epithelium, ER stress is characteristically induced by primary (genetic) causes associated with the UPR, such as XBP1, ORMDL3 and ARG2, or secondary (environmental) factors, including bacterial toxins (e.g., subAB), mucins (e.g., MUC2), autophagic proteins (e.g., ATG16L1) and cytokines (e.g., TNF-α and interleukin-10), and the interplay of these factors initiates the cascades of inflammation that can cause or exacerbate homeostatic ER stress. 18 Moreover, cell death is always triggered if the homeostasis cannot be reestablished. Thus, ER stress has an important role in the development of intestinal inflammation associated with IBD. Although great advances have been made in the understanding of ER stress, the regulatory mechanism for deregulation of ER stress in IBD remains unclear. 19 In this study, we Role of miR-665 in inflammatory bowel disease M Li et al found that miR-665 was upregulated in IBD samples, and substantially repressed the components of ER stress, XBP1 and ORMDL3, leading to enhancing apoptosis by activation of JNK. Therefore, our study presents a novel mechanism for ER stress signaling modulation, which may be a promising therapeutic target for IBD. Recent advances have provided new insights into understanding of ER stress-induced cell death mechanisms, and it is suggested that some miRNAs act as the suppressors of ER stress-mediated cell death. 20 Although the interplay of miRNAs and ER stress response needs further investigation, we identified that miR-665 targeted to XBP1 and ORMDL3, which were in different signaling pathways of ER stress responses, then activated the expression of JNK, consequently resulting in apoptosis. Indeed, it is reported that 4-phenyl butyric acid (an FDA-approved drug for urea-cycle disorders) and taurine-conjugated ursodeoxycholic acid (TUDCA) reduce ER stress in vivo using murine models of obesity and type 2 diabetes. 21 We found that several clinical trials have focused on the role of TUDCA in the subjects who are type 1 diabetes or protease-inhibitor associated insulin resistance. Interestingly, oral administration of TUDCA ameliorated inflammation in a rodent model of small intestinal inflammation, then ER stress may be an important mechanism in the pathology of IBD. 22 In our study, miR-665 expression was markedly upregulated in experimental colitis, but antagonizing miR-665 reduces the severity of colitis. Therefore, our results suggest that miR-665 may represent as a potential therapeutic target for IBD.
As we know, p53 is the main gatekeeper of cellular apoptosis. However, the ER stress is found to induce apoptosis mainly through activation of the JNK signaling, which in turn regulates the expression of BCL2 and BAX, leading to mitochondrion-mediated cell death. 23 In this context, we here used the p53-mutant HT-29 and p53-null Caco-2 cells to investigate the alteration of ER stress signaling by miR-665. Notably, we found that miR-665 reduced XBP1 and ORMDL3 expression, and increased the activity of JNK, leading to the increased sensitivity of cellular apoptosis by inflammatory factors. Thus, these findings revealed that the miR-665/ER/JNK axis had an important role in IBD progression independent of p53. Role of miR-665 in inflammatory bowel disease M Li et al Recent evidence indicated that miR-665 was upregulated in intestinal gastric adenocarcinoma. 24 It is reported that IBD has the risk of developing colitis associated cancer (CAC), and the increasing cancer incidence has been up to 20%. 25 Polytarchou et al. 26 recently have found that miR-214 was overexpressed by IL-6/STAT3 signaling activation, and modulated the expressions of phosphatase and tensin homolog (PTEN), PDZ and LIM domain 2 (PDLIM2) and phosphorylation of AKT, which induced the activation of nuclear factor-κB (NF-κB). Moreover, they demonstrated that the signaling correlates with the progression to colorectal cancer. 26 Meanwhile, the NF-κB transcription factor family is an important initiator of inflammation by ER stress, leading to the production of proinflammatory TNF-α and exacerbating stress-induced cell death. 27 Interestingly, our results indicated that ectopic expression of miR-665 promoted apoptosis under different inflammatory stimuli, such as TNF-α. However, whether miR-665 might have a role in the development of CAC through the effects of inflammatory factors remains unknown. Efforts need to be made to examine the crucial role of miR-665 in the progression of CAC.
Microbiota is regarded as a main cause for IBD. 28 Interestingly, miR-665 was reported to be induced by microbiota, which in turn facilitated the infection by downregulating Abcc3 in host cells, 29 suggesting that miR-665 might be an important mediator in microbiota-induced IBD. On the other hand, ER stress has various mediators in immunity including proinflammatory cytokine production. Notably, by analyzing the miR-665 promoter region using the CONSITE program, we found several typical NF-κB binding sites, suggesting that miR-665 might be regulated by the inflammatory NF-κB signaling pathway. Thus, miR-665 might induce a positive feedback regulation in the miR-665/ER/NF-κB loop, leading to the chronic inflammation in the gastrointestinal tract. While these hypotheses are great directions to pursue, however, it is beyond the scope of our current project and therefore will be investigated in our future research.
In conclusion, our study demonstrated that miR-665 is a critical regulator of ER stress signaling, and promotes the pathogenesis in IBD. Understanding the precise role of miR-665 in IBD pathogenesis and in the ER stress response promises to increase our knowledge of the biological basis of inflammation development and may also facilitate the development of new therapeutic strategies against IBD.
Materials and Methods
Patient biopsies and ethical considerations. Patients with IBD and non-IBD control subjects were recruited with written informed consent for this study at the First Affiliated Hospital of Sun Yat-sen University. And, the Hospital Ethics Committee approved the study protocol. The inflamed biopsy specimens were obtained from patients diagnosed with CD or UC following the standard clinical, endoscopic and histological criteria, including 29 patients with active CD and 21 patients in remission and 23 patients with active UC and 16 patients in remission. The severity of diseases was assessed according to the international standard criteria, such as the Crohn's disease activity index for the diagnosis of patients with CD, and Mayo scores for patients with UC. Control samples were obtained from Western blotting analysis. Cells were harvested in cell lysis buffer (Cell Signaling Technology, Danvers, MA, USA) and heated for 5 min at 100°C. Equal quantities of denatured protein samples were resolved on 10% SDS-polyacrylamide gels and were then transferred onto polyvinylidene difluoride membranes (Roche, Basel, Switzerland). After blocking with 5% non-fat dry milk in TBS/0.05% Tween-20, the membranes were incubated with a specific primary antibody followed by a horseradish peroxidase-conjugated secondary antibody. Proteins were visualized using ECL reagents (Pierce, Rockford, IL, USA). Antibodies against cleaved caspase-3, cleaved PARP, XBP1, ORMDL3, ERP29, p-JNK and JNK were purchased from Abcam (Cambridge, MA, USA). The membranes were stripped and reprobed with an anti-α-tubulin antibody (Sigma-Aldrich, St. Louis, MO, USA) as the loading control.
miRNA extraction and real-time quantitative PCR. Total miRNA from fresh biopsy colon tissues was extracted using a mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA) according to the manufacturer's instructions. We synthesized cDNA from 10 ng total RNA using a TaqMan miRNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA), and we quantified the expression levels of miR-665 using an miRNA-specific TaqMan MiRNA Assay Kit (Applied Biosystems). Expression of miRNA was defined based on the Ct, and relative expression levels were calculated as 2 − [(Ct of miR-665)-(Ct of U6)] after normalization with reference to the expression of U6 small nuclear RNA.
TUNEL assay. Apoptotic DNA fragmentation was examined using an in situ DeadEnd Fluorometric TUNEL System Assay Kit (Promega, Madison, WI, USA) according to the manufacturer's protocol. Briefly, cells were plated in 24-well flat-bottom plates and treated with 2% DSS for 24 h. Cells were fixed in 4% paraformaldehyde at 4°C for 30 min, permeabilized in 0.1% Triton X-100 and labeled with fluorescein-12-dUTP using terminal deoxynucleotidyl transferase. The localized green fluorescence of the apoptotic cells from the fluorescein-12-dUTP was detected by fluorescence microscopy (Axiovert 100 M; Zeiss, Oberkochen, Germany).
The DSS-induced colitis model. C57BL/6 mice (6-8 weeks old, 18-20 g) were purchased from the Experimental Animal Center of the Guangzhou University of Chinese Medicine and housed in barrier facilities on a 12-h light-dark cycle. The Institutional Animal Care and Use Committee of Sun Yat-sen University approved all experimental procedures. The mice were randomly assigned to groups (n = 8 per group). The mice in the groups were injected intraperitoneally with 100 μl miR-665 mimic, antagomiR-665 or negative control (diluted in PBS at 2 mg/ml) three times per week for 2 weeks. After 1 week, the mice were subjected to treatment with 2% DSS for 10 days. The mice weights were calculated. Animals were then killed, and the colon tissues were excised and paraffin-embedded. Sections of colon tissues were subjected to hematoxylin and eosin (H&E) staining and the TUNEL assay. The extent of inflammation was measured and scored as described previously, 30 and the apoptotic index was measured based on the percentage of TUNEL-positive cells. miRNP immunoprecipitation. Cells were co-transfected with HA-Ago1 together with 100 nM miR-665, followed by HA-Ago1 immunoprecipitation using an antibody against HA. Real-time PCR analysis of the immunoprecipitated material was used to test the association of the mRNA of XBP1 and ORMDL3 with the RISC complex.
Statistical analysis. All statistical analyses were performed using the SPSS version 19.0 (SPSS lnc., Chicago, IL, USA) statistical software package. Data are expressed as the means ± S.D. Comparisons between groups were performed with an unpaired two-tailed Student's t-test. In all cases, a P-valueo0.05 was considered statistically significant.
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